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Abstract 

The precision of time transfer over intercontinental distances by the CPS common-view method, 
using measurements of ionospheric delays, precise ephemerides provided by the DMA and a consistent 
set of antennu coordinates, reaches 3-4 ns for a sin& 13-min measurement, and decreases to 2 ns when 
uveraging several measurements over a period of one day. It is thought that even this level of precision can 
be bettered by improving the ionospheric meaurements, the ephemerides of the satellites and the antenna 
coordinates. 

In the same conditions, an estimation of the accuracy is attained by using three intercontinental links 
encircling the Earth to establish a chure condition: The three independant time links should add to zero. 
We have computed such a closure condition over a period of thirteen months using dala recorded at the 
Paris Observatory in Paris (France), at the Communic&'ons Research Laboratoly in Tokyo (Japan) and 
at the National Institute for Standards and Technology in Boulder, Colorado (USA). The closure condition 

I is veh#ed to within a few nanosecofidr but a bias, varying with time, can be detected. 

1. INTRODUCTION 

The excellence of worldwide t i r n ~  unification depends on the quality of the clocks kept by national 
tirrling centers and on the means of ti~rle cotnparison. Rapid drvelopment in the use of the Global 
Positioning Systerrl since 1983 has led tn major i~llprove~ri~nts in the precision and accuracy of the 
rrletrology of time. Using com~nercially available GYS time receivers, time comparisons can easily 
br performed with an accuracy of 10 to  20 nanoseconds over intercontinental distances. However, 
it is possible to  improve this performance by rerrioval of systematic errors. In GPS time transfer, 
the three principal sources of error are the local antenna coordinates, the broadcast ionospheric 
model and the broadcast ephernerides. A thirteen-month ~xperimcnt in which three long-distance 
time links are combined with simultaneous reductiori of these error sources allows us  to check the 
precision of the time transfer, arid its accuracy through satisfaction of a closure condition. 

2. THE EXPERIMENT 

Three long-distance time transfer links between the Paris Observatory in Paris (OP),  the Corn- 
rnllnicatiorl Research Laboratory in Tokyo (CRL), and t h ~  National Institute of Standards and 
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Technology in Boulder, Colorado (NIST) havc been comput~cl using the common-view method [I], 
for a 393-day period, from 1990 June 16 (MJD 48058) to  1991 July 13 (MJU 48450). 

The GPS data taken at  the three sites corresporld to  the international schedule issued by the Bureau 
International dcs Poids et Mesures for the establishment of TAI. Ionospheric delay measurements 
are perforlncd by dedicated dud-frequency codelcss C3PS receivers, and precise ephemerides are 
provided by the 1JS Defense Mapping Agency. Detailed cha.racteristics of the thrcc time links can 
be fonnd i11 [2], with the description of the procedures used to  obtain accurate antenna coordinates 
and to correct for io~~ospheric and ephemerides errors. 

3. RESULTS AND DISCUSSION 

Thc correctiorls to  the antenna coordinates being already introduced, four different cases nlay be 
disting~~ished for each time link a.tld for the closurc, which is the sun1 of thc three links: 

* non-corrected val-ues. 

* values corrected for ephernerides only. 

* values corrected for iorlosphcre only. 

* values corrected for both cphenleridcs arld iotiosphere. 

For each case, a V0ndra.k smoothing [3] is performed on the vall~es UTC(Lab1) - UTC(Lab2). The 
smoothing used acts as a low-pass filter with a cut-off period of about 3 da,ys. This period has been 
chosen as bcing approximately the lirnit between the short time intervals, where the measurement 
noise is domitlant, and the longer. intervals, where the clock noise prevails. For the closure, the 
smoothed values arc interpola.tcd at  normal dates (Oh TJTC cach day) and the interpolated values 
are simply added. 

3.1. PRECISION OF TIME COMPARISONS 

A first way to estimate thc precisio~l of the measurements is from the standard deviation of the 
residuals to thc smoothed values. This is strictly correct if the smoothing has removed only the 
measrrre~nent n o i s ~ .  Over our whole data, set, thesc residuals range from 10 to 15 ns for thc 
lincorrected data, 8 to 10 ns for the data corrected for ephemerides only, 7 to 12 ns for the data 
corrected for ionosphere only, and 4 to 5 ns for the data with both corrections. 

If the data  points are regularly spaccd, we can also use the time-domain stability measures a,(r)  
and o,(T) [4]. Applied to a time link a&) allows one to characterize the t y p ~ s  of noise that  are 
present. 1n the case of white noise phase nlodulation (PM), the value of rr,(r) for the data  spacing 
is the standard deviation of the white noise, which directly gives the measurement uncertainty. 
a ,(r)  allows us to estimate the freqttency stability with which clocks can be compared. 

For the link OP-NIST which, being the shortest, has thc: largest number of data  points, we can 
find two periods of 80 and 75 days respectively wi~hout  any significant gap in the data. On average 
there are seven points per day and they are quite regularly spaced, the largest spacing bcing about, 
7 hours. Figure 1 presents the values of rs,(r) for thc data over the period frorri MJ D 48375 to 



48450, without correction and with both correctio~ls applicd. It appears that white noise phase 
modnlation c,an be identified for averaging times up to about 3 days without correction, but is 
not the dominant source for tiraes of one day and over wherl the corrections are applied. The 
uncer.ta,iuty of a single measurement is ta,kcn from figure 1 to be ahout I6 ns without correction, 
but this va111~ is somewhat biased by the da,ta, recorded during the few days around MJD 48440 
when Selective Availability was in cf ic t .  The measurelneni, iir~ccrtainty is about 3 ns whcn the 
correctior~s have been applied. 

It should be noted that  such a rneasur+ernent uncertainty ~nakes  it possible to access the true 
performance 01 the best clocks presently available: by averaging a few measurements ovcr orlc dai ,  
a frcqucnc,y stability of two or thrcc parts i n  1014 is realized for the link between two clocks. Thus 
in figure 2, whidl represents u,(T) for the link OP-NIST over the sa.me period as in ligure 1, the 
values obtained with corrections applied represent thc a,ctual freclue~~c,y sta,bility of the two clocks 
for time intervals of one day and over. 

For the other 80-day period, from MJL) 48080 to 481fi0, the resi.llts a,rc quite similar altl-lough the 
tnca.surcmcnt noise is estimated to be a t  a slightly kighrr level, as discussed in section 3.3 below. 

3.2. ACCURACY TEST: 
THE CLOSURE AROUND THE WORLD 

A test of accuracy is performed by computing the closiire aronr~d llie world via OP, NISrI' and CH,L. 
Daily values of lJTC(OP) - UTC(NIST), UTC(N1ST) - UrI'C(CRT,) and UTC(CR.L) - UTC(OP) 
are estimated from the smootl-led data points. The resulting daily values of the dcvia.tion from 
closure, for the whole period under study, are S ~ O W I I  i11 ligl11.e 3 for t h ~  non-corrcctcd data, and i n  
figure 4 for the data with both corrections appliecl. 

Figi~re 4 provides evidence of a, gain in acci~-r.a,cy when th r  tirnr links are computed with both 
corrections. 'Ih chara.ctcriec and r111a.ntify the typcs of noise involved, figure 5 represents the valnes 
of g,(r) for. the closi~re, without c o ~ r e ~ t i o ~ ~  ~ 1 d  with both ~ o r r e c t i o ~ 1 ~  a.pplicd. The gain is by a, 
factor 2 to 3 for all averaging . . times. If we take into account the fact that thc valtlucs for onc and two 
days are diased by the smoothing that  has been performed on eadl link, the closure is relatively 
well characterized by white noise P M  up to 16 days. This is not true for longer averaging times, as 
i t  is clear from figure 4 that significant hiascs exist, and that  they va,ry with time. As an example, 
the mean vdue of t l ~ e  closure over consecutive 16-day intervals varies from -2 ns to  +9 ns, whereas 
l;he standard deviation of thc mean, a.sstrming white noise, is 1 ns. The ruean values over 16-day 
intervals have a global avcragc of 4 ns and ;L sta~ldard deviatior~ of 3 us. 

3.3 DISCUSSION OF THE ERROR SOURCES 

The major three error sources, that  aae able to produce both long term biases and short term white 
noise PM, are those listed earlier in this paper: antenna coordinates, ionospheric delays, satellite 
ephe~nerides. While we have tried to  rni~linlize these errors, they are still present a t  some level so 
we try to  est i~nate them here. 

r 7 1 he error or1 the antenna coordinates t1a.s been esti~rlated previously [2]. It could account for a few 
na.noseconds of residual error in the closnre. However this error is roughly (:onstant over the whole 
period, as the geometry of the common-view observations remains silrlilar for each link. When rnore 



accurate coordinates become available from geodetic campaigns, it will be easy to  account for them 
in the data. Accuracies of a few centimeters should then be obtained, and these will contribute 
negligibly to the error budget of the time transfer. 

The accuracy of the measurements of the ionospheric delay by cod~less GPS receivers has been 
reviewed recently [ 5 ] .  It is estimated to  be a few nanoseco~lds but it is not easy t o  characterize 
the residual effect. It is possible that P-code receivers will be used in the future, but it is not clear 
how this will improve the measurements. Also, although the global ionospheric activity is going 
to decrease from its recent maximum, it is not clear if it will be measured more accurately b y  the 
GPS receivers. 

On the other hand, the ephemerides of the satellites are subject to  constant improvement. The 
DMA processing scheme, for example, is regularly improved [B]. The fact that ephemerides are 
more accurate in 1991 than in 1990 Inay be visible in our data: figure 6 represents o,(T) for the link 
OP-NIST for the two periods of about 80 days mentionned in section 3.1 above. The improvement 
of the spring-summer 91 period relative to that  of summer 90 is quite clear for averaging times of 
up to one day, where the measurement noise dominates. In the future, ephemerides with sub-meter, 
or even decimeter, accuracy should become available, which will nearly eliminate this source from 
the error budget. 

Finally i t  should be noted that the stability of the closure for averaging times of a few days is 
mainly affected by the many glitches tha,t are apparent in figure 4. A careful review of the data 
indicates that for the second half of the data set, which corresponds t o  year 1991, all but one of the 
glitches are associated with a gap of more than one day i n  the data of one link. This aliasing effect 
is less clear for the first half of the data set. This fact also favors an  improvement in the quality of 
the ephemerides with time, although chance cannot be ruled out as an explanation. 

4. CONCLUSIONS 

Results of a 13-month time transfer experiment indicate that, after corrections for ionosphere 
and ephemerides have been applied, the precision of a single intercontinental GPS time transfer 
measurement is about 3-4 nanoseconds, and can be reduced by averaging. The accuracy is estimated 
also to be 3-4 nanoseconds, but significant biases, which vary with time, are still present. I t  is 
thought that the accuracy, as estimated by the closllre condition, is improving with time, and will 
eventually reach 1 ns if the ionospheric contribution can be reduced to below this level. 
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FIGURE 1 :  Square r o o t  o f  t h e  t i m e  v a r i a n c e  ( I ~ ( T )  o f  t h e  l i n k  
OP-NfST o v e r  t h e  per iod  MJD 48375 t o  4 8 4 5 0 ,  f o r  d a t a  w i t h o u t  
c o r r e c t i o n s  ( s q u a r e s )  and f o r  d a t a  c o r r e c t e d  u s i n g  p r e c i s e  
ephemer ides  and measured i o n o s p h e r i c  d e l a y  ( t r i a n g l e s ) .  
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FIGURE 2 :  Square r o o t  o f  t h e  two-sample A l l a n  v a r i a n c e  u y ( r )  o f  
t h e  l i n k  OP-NIST o v e r  t h e  per iod  MJD 48375 t o  4 8 4 5 0 ,  f o r  d a t a  
w i t h o u t  c o r r e c t i o n s  ( s q u a r e s )  and f o r  d a t a  c o r r e c t e d  using 
p r e c i s e  ephemerides  and measured i o n o s p h e r i c  d e l a y  
( t r i a n g l e s )  . 



F I G U R E  3 :  D e v i a t i o n  from c l o s u r e  around t h e  wor ld  v i a  OP, NIST 
and CRL w i t h  non-correc ted  d a t a .  

FIGURE 4 :  ~ e v i a t i o n  from c l o s u r e  around t h e  w o r l d  v i a  OP,  NIST 
and CRL w i t h  d a t a  corrected f o r  p r e c i s e  ephemer ides  and 
measured i o n o s p h e r i c  d e l a y .  



FIGURE 5 :  Square  root o f  the time v a r i a n c e  ox(?) o f  t h e  
d e v i a t i o n  from c l o s u r e  over t h e  period HJD 4 8 0 5 8  t o  4 8 4 5 0 ,  f o r  
d a t a  w i t h o u t  c o r r e c t i o n s  ( s q u a r e s )  and for d a t a  c o r r e c t e d  
u s i n g  p r e c i s e  ephemer ides  and measured i o n o s p h e r i c  d e l a y  
( t r i a n g l e s )  . 

FIGURE 6 :  Square root of t h e  time v a r i a n c e  u X ( r )  o f  t h e  l i n k  
OP-NIST f o r  d a t a  c o r r e c t e d  u s i n g  p r e c i s e  ephemer ides  and 
measured i o n o s p h e r i c  delay  o v e r  t h e  p e r i o d s  M J D  4 8 0 8 0  t o  4 8 1 6 0  
( s q u a r e s )  and MJD 48375 t o  48450 ( t r i a n g l e s ) .  



QUESTIONS AND ANSWERS 

David Allan, NIST: Would it not have been better to mcasure the frequency stability usirig Mod 
a,(r)'! S i n c ~  you have white PM, you can see the frequenry lnorr quickly and actually optimauy. 

Mr. Petit: We generally use ~ ~ ( 7 ) .  

Mr. Allan: But Mod u,(r) gives a better measure of what the clock is doing with white I'M. 

Dr. Gernot Winkler, USNO: In other words, you are not interested in frequency, but in time 
interval? Would you like to comrnerlt on the possibility of keeping the data a t  the stations, as with 
tirne, it is possible that by using all of the data, to  improve your position with respect to  the GPS 
reference system. 

Mr. Petit: Yes, of course, that is a way of improving the sta.tion coordinates. That has actually 
been used, but clearly it is not the best way t o  get good coordinates. 1 would prefer to  g ~ t  very 
close to a VLl3I or sa t~l l i te  laser ranging station and use precise surveying to  obtain the station 
coordinates. 'I'hat should give centimeter accuracy and will be donr in the very near future. 

Dr. Winkler: I agree, but my cornrnent was addressed to the general time user, who cannot 
easily connect to a slich a primary reference point as defined by laser or VLRI. He rnay well be 
better served by keeping all the records. 

Mr. Petit: That is what we have done. Last June we introduccd for all station clocks, a list of 
coordi~lates t o  be used that were derived from thc time data themselves. This was because before 
this time, the station coordinates were uncertain by several meters. This was clearly visible in the 
time data. We now think that all thc tirne stations are accura,te to a level below one meter. 

Dr. Martin Levine, SAO: Can you tell me the meaning, on the slide, of "raw data"'! 1s 
that  the data as output by the receiver'? Does it include the built in broadcast ionospheric and 
tropospheric corrections? 

Mr. Petit: Yes, that is the data as it comes. It is the regular outprlt of the receiver, with the 
built in broadcast corrections, but has not been processed to include our corrections. 




